Energy Physics experiments make extensive use of silicon sensors for tracking purposes. The high granularity of the modern detectors makes the connection between the segmented sensor channels and the readout electronics very complex. Furthermore, due to the mismatch between the detector pad pitch and the electronics a direct connection is not possible in most of the cases. A new method for the fabrication of pitch adapters is presented using metal-on-glass technology. In this new method the high-density metal traces are manufactured by means of laser ablation of the metal layer deposited on top of a glass substrate. This new procedure is faster, simpler and cheaper than photolithography for prototyping or low volume production. Different prototypes have been successfully manufactured and tested for electrical conductivity, bondability and metrology. Detectors have been assembled using these pitch adapters and tested in particle beams at CERN.
Scale Integration) electronics made possible to construct highly segmented and compact silicon detectors. Usually, in industry, a metallic layer with thickness ranging from 1 to 5 is deposited onto a glass or ceramic substrate. Later this metallic layer is segmented through a photolithographic process, making a bus of electric channels where each one carries the electric signal from one sensor channel to a dedicated readout channel in a readout ASIC (Application Specific Integrated Circuit) [2] . This photolithographic process implies the manufacturing of one or more masks and several steps, including resin deposition and chemical etching, among others. This is thus a slow and expensive method, for prototyping stage.
In the search for faster and cheaper preparative alternatives, a laser-ablation induced desorption process [3] , [4] , performed on a previously metal-evaporated substrate, has been developed recently in our Laboratories and is described in this work.
II. FABRICATION PROCESS

A. Technology and Design Tools
A number of glass and ceramic materials were explored as substrates for metal deposition, along with different metallization configurations. The combination of a 300 thick commercial borosilicate glass (Desag263T from Schott) with a Cr+Al ( thick) metallic layer as substrate yielded most interesting results. Desag263T glass is widely employed as substrate for optical coating and in photolithography technology. The ease of substrate machining, combined with the capability to wire-bond the Al layer with an Al wire, are clear advantages of the latter combination. The metallization technique involves the deposition through evaporation of three layers. First, a thin layer of chromium oxide between of 3 -4 nm is deposited at a pressure of 2 in order to improve the adherence of the following layer. The second step is the deposition of a Cr layer of 0.2 at a pressure of 2 and at a deposition rate of 1 nm/s. The third layer is a thicker (1.0 ) Al layer deposited at a deposition rate of 3 nm/s and under a pressure of 2 . The Cr layer increases the adherence of the Al to the glass [5] . A commercial BALZERS BAE 250 coating system was used in this step. After the last evaporation step, the metalized substrate undergoes an annealing process (200 , 2 hours in an oven) that notably enhances the quality of the soldering afterwards and homogenize the coating surface.
Customized designed pitch adapters (PA) were prepared by laser ablation of the metal-on-glass substrates described above.
0733-8724/$31.00 © 2013 IEEE These substrates were irradiated with a quasi-perpendicular nanosecond Nd: laser (Powerline E, Rofin) emitting 9.90 with a repetition rate of 100 kHz at a wavelength of 1064 nm. The laser apparatus is fitted with a galvanometer beam steering system and a flat-field lens of 160 mm focal distance. This lens allows scanning the substrate within the plane. An illustrative scheme of the apparatus and the method described here is shown in Fig. 1 .
In this technique, the Nd: nanosecond pulsed laser is focused onto the surface of a metal-on-glass target. The laser pulses impinge on the metal surface, generating an intense plasma plume. The expected effect from this process is to pull off metal ions and particles from the metal-on-glass target [6] without causing any cracks or visible damage, so long as the laser emission characteristics are adjusted to avoid negative consequences on the substrate surface. This process removes Al particles following a specific pattern structure, generated by CAD-like software, producing high-density pitch adapters (Fig. 2) .
Laser ablation is a very flexible and fast technique for this purpose, allowing testing improvements in ten minutes. Therefore, we could perform extensive tests of the involved parameters like different metallization, mechanics planarity, design limits and laser parameters.
The laser equipment used provides CAD-like software that allows cutting different shapes (straight lines, circles, rectangles…). A replicate tool is also available in order to repeat a pattern of shapes as many times as needed. However, this tool does not allow the introduction of small changes in each copy of a given pattern. In the particular case of a pitch adapter, each trace is slightly different from the neighbors. A pitch adapter has several hundred channels, so drawing trace by trace in the CAD-like software becomes unfeasible. A different approach based on DXF (Drawing Exchange Format) files was chosen. DXF files are AutoCAD data files, with an ASCII format that allows interoperability between CAD programs. Following the format requirements these files may be generated using an external program, for instance one written in C, with the design needed. The pattern coordinates are accurately computed inside the program and the output DXF file is filled. Introducing changes in the design is very fast and simple, since we only need to execute the program with new parameters. This is very convenient in the prototyping phase of the pitch adapter manufacturing. As a result, up to 15 different design patterns were produced spending little time in the production allowing us to focus on the inspection and testing of the prototypes.
The use of DXF format files together with Open Source programs: emacs (developing environment), g++ (compiler) and qcad (CAD software for visualization), makes this solution platform independent from commercial products.
B. Characterization and Testing
The width of the strips and pads of the pitch adapters produced was initially measured by image treatment of the micrographs obtained with a Nikon MM-400/L optical microscope (Fig. 3) . This microscope is coupled to a Nikon DS-Fi2 highdefinition color camera head controlled by a DS-U3 unit with NIS-Elements D software that allows the image treatment of the micrographs obtained with a magnification range from 50 to 1000 . The resolution of the camera depends on the objective and, therefore, on the magnification level employed, being the resolution 1.34 and 0.07 for the 50 and 1000 magnifications, respectively. Thus, the size analysis of the pads marked in Fig. 3(a) and the laser-cleaned inter-strip regions, noted in Fig. 3(b) , correspond to the patterns obtained by applying the design software. The statistical analysis of the measurements performed by the NIS-Elements D software allow to define widths of outer pads ( , Fig. 3(a) , region 1), inner pads ( , Fig. 3(a) , region 2), metal strips ( , Fig. 3(a) , region 3 and , Fig. 3(a) , region 4) and laser-cleaned inter-strip regions ( , Fig. 3(b) ). Finally, with this microscope, it is observed that some pads present a dark edge due to the action of the laser ablation. These structures were studied in great detail by confocal microscopy.
A Nikon Sensofar confocal microscope was employed to perform the topographic analysis of the different regions in the pitch adapter. A 50 LU Plan Fluor objective with numerical aperture (NA) of 0.80 was used, having an optical resolution in of 1.7 and a vertical resolution ( ) of 3 nm. The dimensions of pads, metal strips and laser-cleaned interstrips obtained by confocal microscopy (Fig. 4) are in the same order of those calculated by the image treatment with NIS-Elements D software. Moreover, the profile of the structures obtained reproduces with high accuracy the CAD-like designs. On the other hand, the profiles obtained show the existence of a debris area due to the laser ablation collateral effects [6] placed at the border of the pads and some grooves in which the laser ablation process damages the substrate (Fig. 4(b) ). This effect could be minimized by adjusting the laser parameters but this is not problematic for the electrical properties of the device. In these places the depth of the laser-cleaned inter-strip region is higher ( ) than the thickness of the metallic layer ( ). The height of the debris is larger than the thickness of the pads and corresponds with the dark edges observed in the micrographs obtained with the Nikon MM-400/L optical microscope (see Fig. 3 ). During the laser ablation process, debris are ejected and melted onto the pad producing a strong union between both.
All the strips of the PAs produced following this technique were tested electrically using a SUSS PM5 probe station looking for open circuits and shortcuts between them. Our acceptance criterion was less than 1% defective channels per PA that led to a 20% yield.
On average the strip width is 36.2 and the pitch varies from 112 to 60 . Strip length ranges from 9.5 mm (short) to 17 mm (long). We measured metal conductivity and inter- Fig. 4 . Profile of the inner pads (red arrow) and profile of the metal strips and laser-cleaned inter-strips regions (violet arrow). Both profiles were obtained by a Leica TCS-SP2 spectral confocal microscope (40x). The size of the pads and channels is in the same order than the calculated by the treatment of the images obtained by Nikon MM-400/L. The border of the pads presents an important amount of debris due to the laser ablation process. Dotted lines represent the rms in micro-meters of the material's surface profile along the sampling length.
TABLE I BONDING PARAMETERS
strip capacitance for these two lengths. Resistances of the order of 34 and 25 and inter-strip capacitances of 1.3 and 0.75 pF at 100 KHz were measured for the long and short strips respectively, see Fig. 5(a) .
The resistance inter-strips was measured to be always larger than 1 . These values are consistent with high quality PAs produced through photolithography [2] .
In order to prove good pad bondability, tests were performed on a final pitch adapter with a Kulicke & Soffa 8060 wedge- bonding machine using a 25
Al/Si (1%) alloy wire. Bonding parameters and wedge specifications are listed in Table I .
Wire bond pull tests were performed following standards [7] and pulling the wires at their center with a Dage 3000 series pull tester obtaining an average force of 8.9 grs (std: 0.51), see Fig. 5(b) .
Finally, after the characterization and the tests to assure the high quality of the manufactured pitch adapters, we assembled a detector prototype. The sensor is a p-on-n silicon micro-strip detector 320 thick with a strip pitch of 30 (readout pitch of 60 ) from Hamamatsu. The readout ASIC is the Beetle chip [8] used in the LHCb experiment at CERN.
A photograph of the prototype is shown in Fig. 6 with an enlarged view of the pitch adapter. The prototype was successfully operated and extensively characterized in particle beams at CERN in summer 2011 and 2012.
III. CONCLUSION
We applied the laser ablation technology to the manufacturing of metal-on-glass pitch adapters. The metallization of the substrate involved the deposition of two thin layers of Cr and Al through evaporation. The laser machining technique allowed the fabrication of complex and highly segmented electrical structures with distances between traces as small as . After testing and characterization, the quality of the pitch adapters produced was found to be similar to those produced by the standard photolithographic technique. This new technique is simpler, faster and cheaper than photolithography for prototyping and low volume production, making it very convenient for development of the pitch adapters sought here. He passed away few months before the publication of this paper. 
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